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Abstract 
To improve the accuracy of the assessment for existing bridge performance, evaluating up-
to-date structural properties is essential.  In this paper, we propose a methodology to update 
the structural properties of a bridge using modal data.  Modal data can be easily extracted 
from a vibration testing conducted on a bridge, making the proposed methodology of 
practical value.  There are three steps in the developed framework for an existing bridge: 1) 
to build a preliminary finite element model (FEM) based on the bridge design drawings; 2) to 
update the preliminary FEM to a baseline model using a Bayesian model updating approach 
with the modal parameters measured from the existing bridge; and 3) to identify local 
structural stiffness damage using the damage index method with the mode shapes of the 
existing bridge and of the baseline structure found in the previous step.  The proposed 
framework makes use of the advantages of the Bayesian model updating method and the 
damage index method, compensating for their drawbacks.  Then the proposed framework is 
illustrated with a simulated finite element model of the Lavic Road Overcrossing bridge, a 
typical box-girder RC highway bridge in California. 
 
Résumé 
Pour améliorer la précision de l'évaluation de la performance des ponts existants, évaluer 
des propriétés structurelles à jour est essentiel. Dans ce papier, nous proposons une 
méthodologie pour mettre à jour les propriétés structurelles d'un pont utilisant des données 
modales. Les données modales peuvent être facilement extraites d'un test de vibration   
conduit sur un pont, faisant de la méthodologie proposée une valeur pratique. Il y a trois 
étapes dans le cadre développé pour un pont existant : 1) construire un modèle d'élément fini 
préliminaire (FEM) basé sur les plans d'étude du pont ; 2) mettre à jour le modèle d’élément 
fini préliminaire sur la base d’un modèle Bayesian de mise à jour avec les paramètres modaux 
mesurés à partir du pont existant ; et 3) identifier les dégâts structurels locaux en utilisant la 
méthode d’index des dégâts avec les déformées modales du pont existant et la structure de 
base trouvée dans l'étape précédente. Le cadre proposé se sert des avantages du modèle 
Bayesian de mise à jour et de la méthode d’index des dégâts, et compense leurs inconvénients 
respectifs. Le cadre proposé est ensuite illustré avec un modèle simulé éléments finis du pont 
traversant de la Route Lavic, un pont à poutres à caisson typique du pont d'autoroute RC en 
Californie. 
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1  Introduction 
On August 1, 2007, the collapse of the Minneapolis bridge awakened the nation’s 
awareness of infrastructure safety issues.  At least $140 billion has been proposed to make 
major repairs or upgrades to one of every four U.S. bridges, according to the report by 
American Association of State Highway and Transportation Officials [1].  With limited funds 
available for the maintenance of aging and degrading bridges, it is critical to evaluate the 
performance of existing bridges in the field such that the bridge owners can optimize the 
allocation of the resources for maintenance, repair, and/or rehabilitation of bridge systems. 
Nondestructive testing (NDT) provides valuable information to evaluate up-to-date in-
place structural properties.  The principle of vibration-based NDT is to estimate the change of 
structural properties by investigating the change of structural vibration characteristics.  The 
commonly used structural vibration characteristics include eigenfrequencies, mode shapes, 
mode shape curvatures, flexibility matrix, modal strain energy etc.  In this regard, Doebling et 
al. [2], Farrar et al. [3], and Hummar et al. [4] gave comprehensive reviews.  Although the 
methods that use the changes of the vibration characteristics have been shown the ability to 
identify the location and severity of damage, the undamaged structures or baseline structures 
is not usually available so that the structural properties cannot be quantified. 
Model updating approach, on the other hand, doesn’t need for baseline structures.  The 
concept of the model updating is to minimize an objective function usually defined as the 
sum of the square of the residuals between the vibration measurements and the FEM 
predictions [5].  Note that there are two sources of prediction errors should be considered to 
evaluate structural properties: measurement error from vibration testing, and modeling error 
due to the inexactness in the computer-simulated model and uncertainties in the structural 
properties of the target structure.  Bayesian updating method that can account for those errors 
has been adopted in many studies ([6-9]) where the probabilistic distributions for the model 
parameters can be obtained based on the measurement data.  Thus, a set of possible structural 
models instead of a single nominal model can be obtained to represent the target structure [7].  
However, model updating approaches are only effective for low-dimensional problem; thus, 
they are not practical to identify damages at element level. 
In this paper, we propose to use modal parameters to update the global structural 
properties to obtain a baseline model through a Bayesian model updating method, and use 
mode shape curvature to identify the damage location and severity based on the damage 
index method (DIM) proposed by Stubbs et al. [10].  In this way, we take advantages of the 
Bayesian model updating approach that succeeds in identifying the structural properties at 
global level and the DIM that can be used to detect damage information at local level. 
2  Structural Properties Identification 
The procedure of the proposed methodology can be summarized as follows 
1) to build a preliminary finite element model (FEM) based on the bridge design drawings; 
2) to update the preliminary FEM to a baseline model using a Bayesian model updating 
approach with modal parameters; and 
3) to identify local structural stiffness damage using the DIM with the mode shapes of the 
existing bridge and of the baseline found in step 2). 
It is critical to select the parameters to update in step 2), because a large number of 
updating parameters may cause an ill-conditioning problem and/or slow convergence while 
the information obtained from measurement is limited.  Follow the suggestions in [5], we 
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should choose those parameters are sensitive to the vibration measurement data and enable 
the correction of recognized uncertainties. 
2.1 Bayesian  approach 
Bayesian statistic rule [11] enables us to incorporate the modal parameters from a real 
structure to update the distributions of the structural parameters, x, in a corresponding 
computer-simulated model.  Let M denote as the measured modal data for updating the 
model, the posterior distribution p'(x) of x can be written as  
  ( ) ( ) ( ) pL p κ ′ = xM x x
d z
d z
 (1) 
where  , L(M|x) = likelihood function, and p(x) = prior distribution of 
x.  However, calculating normalizing factor κ is a challenge, especially when the dimension 
of x is high, because there a lot of parameters need to be integrated over.  The Markov Chain 
Monte Carlo (MCMC) method is an effective sampling-based technique to address this 
problem. 
1 [(| ) ( ) d ] Lp κ
− = ∫ Mx x x
2.2  Markov Chain Monte Carlo 
MCMC is a simulation-based method that has been proposed to estimate posterior 
statistics.  It is particularly efficient when the dimension of x is high.  By generating a 
Markov chain that refers to a sequence of random variables such that the current value or 
state of the sequence depends only to the previous one, MCMC can be used to estimate 
various characteristics of posterior distribution, such as moments, modes, and densities.  In 
this paper, DRAM, a special form of the Metropolis-Hastings type of MCMC algorithm 
proposed by Haario et al. [12] is used for the Bayesian model updating.  DRAM incorporates 
the adaptive Metropolis-Hastings (AM) algorithm with the delayed rejection (DR) method, 
thus improving the efficiency of the MCMC algorithm.  Additionally, we apply the simulated 
annealing method to the Markov chain [13] to obtain a rapidly mixing sampler. 
2.3  Damage Index Method 
The DIM assumes that the ratio between the modal energy of the ith segment, Sji, and the 
modal energy of a whole component in the jth eigenmode, Sj, remains approximately the 
same over time, i.e. Sji
*/Sj
*  ≈  Sji / Sj , where * denotes the damage state.  If a structural 
component with length L can be considered as a Bernoulli-Euler beam, the strain energy of 
the whole component and of the ith segment can, respectively, be found as  
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where EI(z) is the piece-wise uniform stiffness of the ith segment with value (EI)i, Ψj″(z) 
denotes the jth mode curvature, Li and Li+∆Li are the geometric bounds of the ith segment.  
We should note that for a reference (baseline) component, each segment has the same flexural 
stiffness within the component, that is, (EI)i = EI for every i.  Thus, the damage index for the 
ith segment in the jth mode can be expressed as 
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3  Application 
3.1  Example FEM Bridge 
As an illustration of the proposed framework, a 3D FEM of a bridge is built in OpenSees 
[14].  The FEM shown in Fig. 1 is developed based on the Lavic Road Overcrossing bridge, a 
typical box-girder RC highway bridge with a single-column bent, built in 1967 and located in 
San Bernardino County, Southern California.  In this FEM, the box-girder superstructure is 
modeled by elastic beam elements; its area and moments of inertia vary along the spans, and 
the values can be found in [10].  The column is modeled by elastic beam elements including 
P-∆ effects.  The interactions between the abutments and the soil are modeled by transverse 
and vertical elastic springs.  The interaction between the spread footing and the soil are 
modeled using elastic spring elements in six directions, including three rotation directions. 
Z
X
Y
'
, , cd d f ρ
'
, , cc c f ρ
, abut t K , abut v K
,, , fting t fting t KK ϕ
,, , fting l fting l KK ϕ
,, , fting v fting v KK ϕ
, abut t K
, abut v K
deck Element 1 – 36 deck Element 37 – 72
column 
Element 1 – 10
37.49 m 35.97 m
10.67 m
Figure 1.  Finite element model of Lavic Road Overcrossing bridge 
The preliminary values for the FEM are given in Table 1, where the abutment spring 
stiffness values are suggested by Caltrans [15].  In this study, the footing restraints in the 
transverse and longitudinal directions and the rotation about vertical direction are assumed to 
be fixed.  With the allowable soil bearing value of 383.06 kN/m
2 provided in the design 
drawing of the bridge [10], the footing spring stiffness in the vertical direction, rotational 
spring around the transverse direction, and rotational spring around the longitudinal direction 
are calculated based on the PCI method [16].  The self-weight of the bridge is calculated 
based on the geometry in the design drawings [10], and the typical value of reinforced 
concrete weight, 23.57 kips/m
3. 
3.2 Model  Updating 
The first step of model updating is to select the parameters in the FEM to update.  We 
conduct a sensitivity analysis for the first four eigenfrequencies (1
st mode: first deck bending 
mode in transverse direction; 2
nd mode: first deck bending mode in vertical direction; 3
rd 
mode: second deck bending mode in vertical direction; 4
th mode: second deck bending mode 
in transverse direction) by varying the structural parameters.  The parameters selected for 
updating should be sensitive to the eigenfrequencies and also have relatively large 
uncertainties in the preliminary model.  Accordingly, four structural parameters Ed, wd, Ec, 
and Kabut,t are chosen as the model updating parameters. 
When the eigenfrequencies and mode shapes are used to update the FEM, the 
corresponding likelihood function defined in Eq. (1) can be written as 
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where M = modal parameters, σf = prediction error between the square of the predicted 
frequency fj and the square of the corresponding target frequency fj,0, σs = prediction error 
between the normalized predicted mode shape ψj and the target mode shape φj,0,  Г = 
transformation matrix to select measured degree of freedom from the predicted mode shapes, 
I = identity matrix, and ||·|| = Euclidean norm.  The prediction errors result from the 
measurement error in the data M and the model error from the baseline structure. 
The performance of the Bayesian updating approach has been verified by a computer-
simulated bridge [17] using eigenfrequencies alone.  In this paper, we update the preliminary 
structure with both eigenfrequencies and mode shapes.  We select a target baseline shown in 
Table 2, where it gives a comparison of eigenfrequencies and of the structural properties 
ratios for the target, preliminary, and identified baselines.  The differences of 
eigenfrequencies between the target baseline and preliminary structure indicate that the 
preliminary structure needs to be updated.  The eigenfrequencies and the property ratios for 
the identified baseline agree very well with the target structure, indicating the preliminary 
model has been updated successfully. 
3.3  Identification of Local Damage 
As an illustration of applying both Bayesian model updating and DIM, simulated local 
damages (defined as the flexural stiffness reduction in the elastic beam elements) are 
introduced to the identified baseline FEM shown in Table 2.  Two damage scenarios are 
simulated based on the baseline bridge.  Damage scenario Case 1: the flexural stiffness in 
deck Element 10 is reduced by 10%.  Damage scenario Case 2: the flexural stiffness in deck 
Elements 30 is decreased by 5%.  Table 3 shows the results from the DIM when the 
preliminary FEM and the identified baseline are used for the reference structure.  As we 
expected, using the updated baseline structure can give much better severity estimation, while 
the damage locations can be identified for both reference bridges used. 
Table 1.    Structural parameters for preliminary FEM 
Parameters Preliminary  values 
Elastic modulus of the deck,  *  d E 2.48 x10
4 MPa 
Additional weight factor on the deck,  *  d w 1.05 
Elastic modulus of the column,  *  c E 2.48 x10
4 MPa 
Abutment spring in vertical dir.,    , abut v K 8.11x10
5 kN/m 
Abutment spring in transverse dir.,  *  , abut t K 3.85x10
5 kN/m 
Footing spring in vertical dir.,    , fting v K 1.87x10
7 kN/m 
Footing rotational spring in transverse dir.,  , fting t K ϕ   9.15x10
6 kN·m/rad 
Footing rotational spring in longitudinal dir.,  , fting l K ϕ   2.10x10
6 kN·m/rad 
* chosen for model updating   
Table 2.  Comparison of target, preliminary, and identified baselines 
Mode (eigenfrequency)  Parameter ratio to the preliminary values 
Baseline 
1 2 3 4  () ,, abut t abut t p ( ) dd p ww ( ) cc cc p EI EI   ( ) dd dd p EI EI KK
Target  1.906 2.496 3.706 5.087 0.900  1.500  0.900  0.900 
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Preliminary  2.388 3.134 4.563 6.484 1.000  1.000  1.000  1.000 
mean 0.897  1.496  0.899  0.898 
Identified 
std. 
1.907 2.497 3.708 5.088
0.002 0.002 0.016  0.000 
Note: 4 modes refer to 1st deck bending mode in transverse dir., 1nd deck bending mode in vertical dir., 2nd 
deck bending mode in vertical dir., 2nd deck bending mode in transverse dir., respectively. 
Table 3. Identified damage location and severity for two damage cases 
DIM 
Theoretical  Using preliminary as the 
reference bridge 
Using updated baseline as the 
reference bridge  Damage Case 
Element  Severity (%)  Element  Severity (%)  Element  Severity (%) 
1  10 (deck)  10  10 (deck)  1.33  10 (deck)  10.4 
2  30 (deck)  5  30 (deck)  5.72  30 (deck)  5.12 
4  Conclusions 
This paper presents a framework for using modal parameters to estimate structural 
properties.  The DIM can be used to detect local damages but it requires a baseline; Bayesian 
model updating is successful in identifying the structural properties at global level, but not at 
element level.  We propose to combine these two techniques: obtain a baseline with modal 
parameters using Bayesian model updating and identify local damages with mode shapes 
using the DIM.  Through a FEM of a bridge studied, the following observations or 
conclusions can be made: 
i) Using MCMC for Bayesian updating can effectively update a structural preliminary 
FEM using the modal parameters of the first four bending modes of a bridge, and it 
provides an updated baseline for vibration-based NDT methods, such as the DIM. 
ii)  Although the local stiffness change can be detected by the DIM, the cause of the 
stiffness change cannot be identified using modal information alone.  Additionally, the 
DIM cannot identify non-localized damage; however, the non-localized damage can be 
reflected in the corresponding baseline model. 
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